Pectin-nanoscale zerovalent iron (PNZVI) has been studied as an effective phosphate adsorption material to remove highly concentrated phosphate from aqueous solution. Batch phosphate removal and equilibrium experiments were conducted in order to evaluate the effects of environmental factors such as pH, coexisting anions and ionic strengths on phosphate removal by PNZVI. The scanning electron microscope images of nanoscale zerovalent iron (NZVI) and PNZVI demonstrated that PNZVI exhibited larger specific surface areas than NZVI so that PNZVI had higher phosphate removal efficiency than NZVI. Equilibrium experiments showed that phosphate adsorption by PNZVI was well fitted with the Freundlich and Langmuir models. In addition, the maximum adsorption capacity reached 277.38 mgP/gPNZVI. The ionic strengths and common anions showed no significant effects on the process of phosphate adsorption by PNZVI. The phosphate removal efficiency increased to a peak value with pH increased from 2.0 to 5.0, then decreased with pH further increased from 5.0 to 10.0. The Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy analyses of PNZVI and P-loaded PNZVI indicated that adsorption, rather than redox reaction, was the dominant mechanism for the removal of phosphate by PNZVI.
INTRODUCTION
Currently, there is much attention on nanoscale zerovalent iron (NZVI) from many scholars because NZVI is environmentally friendly (Ryu et al. ) . It has been widely used in many pollutant removal processes such as organic contaminants (Song & Carraway ) , heavy metals and metalloids (Hou et al. ) , nitrate and phosphate (Choe et al. ; Sohn et al. ; Wen et al. ) , due to the bigger specific surface area and the stronger reducibility of NZVI.
It is well known that the balance of organisms and water quality may be disturbed when excessive phosphates discharge into the waters, which make algae overgrown so that oxygen has been completely consumed, resulting in accelerated eutrophication (Bektas ) . Moreover, red tide will occur when the phosphate concentration in water is higher than 0.03 mg/L (Tanada et al. ) . The common treatment methods of phosphate contain a chemical method, a physical method, and a biological method (Bektas ) . The biological treatment approach can make phosphate become sludge, but the phosphate removal rate is always <30% (Bektas ) . Although the chemical precipitation approach is a useful method for phosphate removal, this process will consume large numbers of Ca 2þ , Al 3þ , and Fe 3þ (Wen et al. ) . In recent years, the adsorption method for phosphate removal by new materials such as steel slag (Bowden et al. ; Barca et al. ) , zirconium (Biswas et al. ; Liu et al. ) , and NZVI (Wen et al. ) have been widely explored and the adsorption method is considered to be one of the most promising technologies due to the fact that this process is cost-effective, highly efficient, and simple to operate. Nowadays, NZVI has been widely used in organic contaminant degradation and heavy metal removal, however few studies investigate phosphate removal by NZVI (Almeelbi & Achintya ) . Pectin is a natural, versatile anionic hydrocolloid existing in primary cell walls of dicotyledonous plants (Voragen et al. ) . According to some reports, pectin is often used as an effective biosorbent for heavy metal removal in recent decades (Khotimchenko et al. ; Mata et al. , ) . In the present study, pectin and NZVI were combined as a new sorbent pectinnanoscale zerovalent iron (PNZVI) to remove highly concentrated phosphate from aqueous solution. Batch phosphate removal experiments and equilibrium experiments were conducted to evaluate the influences of environmental factors such as ionic strength, coexisting anions, and pH on phosphate removal by PNZVI.
MATERIALS AND METHODS

PNZVI synthesis
NZVI particles were synthesized by the reaction of FeCl 3 ·6H 2 O solution and KBH 4 . The reaction lasted 30 minutes under a vigorously mixed condition. 10.0 wt% pectin was coated on the NZVI during the reaction. After reaction, the particles were washed by anhydrous ethanol eight times in order to prevent oxidation, then the synthetic PNZVI particles were dried under Ar gas environment in order to avoid oxidization of the adsorbent.
Comparison of NZVI and PNZVI for phosphate removal
Experiments for phosphate reduction by PNZVI were conducted in a 1.5 L reactor (Figure 1 ). The reactor was filled with 1.0 L phosphate solution, which introduced enough Ar gas before PNZVI particles were injected into the reactor. Then the prepared PNZVI was added to the reactor. During the reaction, the mixed liquor was stirred constantly by the mechanical agitator which was placed into the reactor.
Batch experiments were conducted by adding 1 g NZVI and 1 g PNZVI into the 1.0 L reactor filled with 100 mg/L phosphate solution. The reaction temperature was 25 W C and reaction time was 200 min in order to ensure equilibrium.
Equilibrium experiments of PNZVI for phosphate removal
Equilibrium experiments of PNZVI were carried out by adding 1 g PNZVI into the reactor filled with 1.0 L phosphate solution at different concentrations (10, 40, 80, 160, 220, 280 , and 360 mg/L). The reaction temperature was 25 W C and the reaction time was 200 min in order to ensure equilibrium.
Batch experiments of PNZVI for phosphate removal
Ionic strength
The amount of adsorbed phosphate by PNZVI was determined in order to assess the influences of ionic strength on the adsorption process. 1 g PNZVI was added into the reactor filled with 100 mg/L phosphate solution. 0.01 mol/L potassium chloride, 0.05 mol/L potassium chloride, and 0.10 mol/L potassium chloride were separately added into the mixed solution before the reaction. The reaction temperature was 25 W C and reaction time was 200 min in order to ensure equilibrium.
Coexisting anions
The amount of adsorbed phosphate by PNZVI was determined in order to assess the influences of coexisting anions on the adsorption process. 1 g PNZVI was added into the reactor filled with 100 mg/L phosphate solution. 0.10 mol/L potassium chloride, 0.10 mol/L potassium nitrate, and 0.10 mol/L potassium sulfate were separately added into the mixed solution before the reaction. The reaction temperature was 25 W C and reaction time was 200 min in order to ensure equilibrium.
pH
The amount of adsorbed phosphate by PNZVI was determined in order to assess the influences of pH on the adsorption process. 1 g PNZVI was added into the reactor filled with 100 mg/L phosphate solution. The pH of the solution in the reactor was controlled from 2.0 to 10.0 using hydrochloric acid and sodium hydroxide. The reaction temperature was 25 W C and reaction time was 200 min in order to ensure equilibrium.
Ultrasound
Adsorption isotherms experiments of adsorbents PNZVI in the presence of ultrasound were conducted by adding 1 g PNZVI into the reactor filled with 1.0 L phosphate solution at concentrations of 10, 40, 80, 200, 250, 300, 320, 340, 360 , and 400 mg/L. When the adsorption reaction reached equilibrium, the phosphate concentrations of the samples collected from the reactor were determined by standard methods. Finally, the data for phosphate adsorption by PNZVI in the presence of ultrasound were fitted to Langmuir and Freundlich equations.
Analytical methods
The samples during the experiments were filtered by 0.30 μm membrane by a suction filter machine. Then the concentrations of phosphate in the samples were determined in accordance with Standard Methods for the Examination of Water and Wastewater (APHA ).
The temperature in the mixed solution was measured by thermometer (TM827, Zhugongda Instrument, China). The pH in the mixed solution was measured by a pH meter (PHS-3C, Kexiao Instrument, China). Scanning electron microscope (SEM) was used to observe the morphologies of NZVI and PNZVI in order to analyze and compare their specific surface areas. The SEM photos were taken on an S-4700, Hitachi. Fourier transform infrared (FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS) analyses were used to characterize the microstructure of original and P-loaded PNZVI in order to elucidate the removal mechanisms. XPS was taken on a Thermo Fisher ESCALAB 250Xi and PNZVI were analyzed in the scopes of Fe 2p, P 2p, O 1 s, and C 1 s. The original PNZVI and P-loaded NZVI were analyzed by FTIR spectroscopy spectra in order to investigate the changes of functional groups on Nicolet 5700 spectrometer in the range of 4,000-400 cm -1 . The SEM, XPS and FTIR were analyzed by Analytical and Testing Center of Wuhan University. The ultrasonic irradiation was conducted with the equipment which was always operated at 20 kHz (Sonifier W-450D).
RESULTS AND DISCUSSION
Comparison of NZVI and PNZVI for phosphate removal
It can be seen from Figure 2 that PNZVI was more efficient for 100 mg/L phosphate removal than NZVI. 100 mg/L phosphate was rapidly removed in 50 minutes by PNZVI, while it would take a long time by NZVI. Figure 3 (a) and 3(b) present the SEM images of NZVI and PNZVI, which demonstrate that PNZVI particles were more dispersed than NZVI so that PNZVI had larger specific surface areas than NZVI. The Brunauer-Emmett-Teller (BET) surface areas of NZVI and PNZVI were 19.53 m 2 /g and 43.98 m 2 /g, respectively. Therefore, the reason for PNZVI exhibited higher phosphate removal efficiency than NZVI was that PNZVI had larger specific surface areas than NZVI. Equilibrium experiments of PNZVI for phosphate removal Figure 4 shows the results of phosphate removal equilibrium experiments. The results were accorded with Freundlich model (1) and Langmuir model (2).
where q e is the equilibrium adsorption capacity of phosphate (mgP/gPNZVI), C e is the equilibrium concentration of phosphate (mg/L), K F and 1/n are Freundlich isotherm constants, q max is the maximum adsorption capacity of phosphate (mgP/gPNZVI), and K L is the adsorption constant (L/mg). The isotherm parameters of Freundlich and Langmuir models for the adsorption of phosphate by PNZVI are presented in Table 1 Table 2 .
Effect of ionic strength
Figure 5(a) displays the influences of ionic strengths on the adsorption capacity of phosphate by PNZVI. Overall, the removal rate of phosphate did not obviously change with varying ionic strengths. As reported, if the removal rate of phosphate decreased with increasing ionic strength, the outer-sphere complexes were the domain complexes during the phosphate adsorption process (Perassi & Borgnino ) . In the present study, results showed that the removal rates of phosphate by PNZVI were nearly invariable with varying ionic strengths. The reason for this phenomenon might be that the inner-sphere surface complexes (Liu et al. ) were the main surface complexes for the phosphate adsorption process by PNZVI.
Effect of coexisting anions
It was important to investigate the influences of the common anions Cl À , NO 3 À , and SO 4 2À , which often coexisted in the water with phosphate on the phosphate removal process by PNZVI. Figure 5(b) shows the results of phosphate removal under the presence of potassium chloride, potassium nitrate, and potassium sulfate, which indicated that these common anions had no significant effects on the phosphate adsorption process. Based on the analyses, it could be concluded that PNZVI was an effective and promising adsorbent for high phosphate removal in the presence of common anions.
Effect of pH
Figure 5(c) displays the influences of pH in the mixed solution on phosphate removal by PNZVI. The phosphate removal efficiency increased to a peak value with pH increased from 2.0 to 5.0, then decreased with pH further increased from 5.0 to 10.0. Under highly acidic environment, part of PNZVI would be corroded to ferrous ion, so that phosphate removal efficiency decreased. Besides, chemical precipitation was always inhibited at a low pH condition. When pH was adjusted to >5.0, the removal rate of phosphate would reduce as pH increased, and the decreasing trend became more apparent if pH was further increased >8.0. It was reported that the hydroxyls on the surface of the adsorbent would be protonated and the surface of the adsorbent would carry large amounts of positive charges when the environmental pH was adjusted to less than the isoelectric point (Bastin et al. ). Therefore, the surface of the adsorbent PNZVI would carry lots of positive charges if pH was less than the isoelectric point, approximately 8.0 (Sun et al. ) of PNZVI so that PNZVI would effectively adsorb H 2 PO 4 À and HPO 4 2À .
However, the surface of the adsorbent PNZVI would carry negative charges if pH was adjusted to >8.0, and thus decreasing the adsorption ability toward phosphate by PNZVI. In addition, more and more hydroxide ions would appear in the reactor under a high pH environment. These hydroxide ions competed with phosphate to be adsorbed on the surface of PNZVI (Oguz ) , so that the adsorption capacity of negatively charged phosphate ions by PNZVI strongly decreased (Zeng et al. ) . Moreover, chemical precipitation would often occur under an alkaline environment and facilitate the phosphate process.
Effect of ultrasound
It can be seen from Figure 3 (c) that the agglomeration phenomenon was strongly alleviated under ultrasound condition, because the PNZVI particles would more scattered and active under ultrasound condition. The BET surface area of ultrasonic PNZVI was 63.07 m 2 /g. Table 3 shows that the maximum capacity for phosphate removal by PNZVI under ultrasound condition was higher than that of the classic method, which indicated that ultrasound condition dispersed the adsorbent and then resulted in increasing adsorption sites and surface areas of PNZVI (Entezari & Sharif Al-Hoseini ) so that ultrasonic PNZVI attained higher adsorption abilities for phosphate removal.
XPS of PNZVI Figure 6 shows the XPS spectra of original PNZVI (a) and P (100 mg/L)-loaded PNZVI (b). The main components of original PNZVI were Fe, O, and C, while the major elements of P (100 mg/L)-loaded PNZVI were Fe, O, C, and P. The detected P 2p spectra survey and obvious photoelectron peak that appeared on the P-loaded PNZVI survey demonstrated that the surface of PNZVI carried large numbers of phosphate after the reaction. The detected C 1 s spectra survey was because PNZVI was contacted with water and air during the PNZVI synthesis and adsorption process (Li & Zhang ) . Figure 7 presents the XPS surveys about Fe 2p of original PNZVI (a) and P 2p and Fe 2p of P-loaded PNZVI (b). The P-loaded PNZVI binding energies of Fe(III) 2p 1/2 at 724.0 eV and Fe(III) 2p 3/2 at 711.0 eV were higher than that of fresh PNZVI, which indicated that Fe 2p had participated in the adsorption process. There was a small peak that appeared at 706.0 eV of the fresh PNZVI binding energy, which was attributed to Fe(0) 2p 3/2 (Li & Zhang ). Moreover, there was an obvious peak at 133.1 eV of P-loaded PNZVI binding energy, which was attributed to P(V) 2p, indicating that large amounts of phosphate ions were removed by PNZVI through adsorption rather than redox reaction between PNZVI and phosphate ions. Figure 8 shows the FTIR spectrum of fresh PNZVI and reacted PNZVI which adsorbed 100 mg/L phosphate in 4,000-400 cm -1 . Before the reaction, the ÀOH stretching vibration appeared at 3,400 cm -1 , while the ÀOH bending vibration appeared at 1,600 cm analysis indicated that adsorption was the dominant mechanism for phosphate removal by adsorbent PNZVI rather than redox reaction.
FTIR of PNZVI
CONCLUSIONS
The results for the phosphate removal by PNZVI were well fitted with both the Freundlich model (R 2 ¼ 0.96) and the Langmuir model (R 2 ¼ 0.97). The removal rates of phosphate by PNZVI were nearly invariable with varying ionic strengths, suggesting that the inner-sphere surface complexes were the main surface complexes for the phosphate adsorption process. PNZVI could effectively adsorb highly concentrated phosphate in the mixed solution containing some common anions. The removal rates of phosphate by PNZVI decreased when pH increased from 5.0 to 10.0. The maximum capacity for phosphate removal by PNZVI under ultrasound condition was higher than the classic method. This work showed that the new PNZVI material possessed satisfied adsorption capacity for high concentration phosphate removal. The phosphate removal mechanisms by PNZVI suggested in this work might contribute to high concentration phosphate removal from aqueous solution. 
